SUMMARY Though unilateral blood distribution of the vertebral artery has not been studied hi humans, it is significant when considering the ischemic events especially embolic occlusion in vertebrobasilar system. To clarify the blood distribution, Krypton-81m was continuously infused into the vertebral arteries of 10 patients. Radioactivity was recorded by a rotating gamma camera. The perfusion images, reconstructed by computer in the transaxial plane, were classified according to whether the distribution was equal, or predominantly unilateral. Overlapping of blood supply from each vertebral artery was studied. In addition, the perfusion from one of the vertebral arteries revealed four distribution patterns with respect to laterality. A) ipsilateral; B) contralateral; C) bilateral; D) mosaic. Images obtained following perfusion of the vertebral artery show less uniformity compared to that of the internal carotid artery, suggesting a complicated vascular supply of the vertebral basilar territory. This complex distribution can be classified by the use of continuous infusion of Krypton-81m.
ONE OF THE UNIQUE FEATURES OF VERTE-
BROBASILAR SYSTEM is that the two vertebral arteries join to form the basilar artery. This is an important hemodynamic feature when considering ischemic events, such as unilateral occlusion of the vertebral artery which causes symptoms on the contralateral side, 1 as well as determining which vertebral artery causes embolic occlusion. Although the distribution of the blood flow supplied by one vertebral artery has been studied in experimental animals, using radiopaque, dye infusion or radioactive microsphere injection, 2 " 4 it has never been investigated in humans. Vertebral angiographic studies have shown that one vertebral artery supplies the ipsilateral brain stem, cerebellum and occipital lobe, however, occasionally the contralateral side is more opacified than the ipsilateral side. To clarify the distribution of the blood flow from the vertebral arteries, we analysed perfusion images of 10 patients who underwent Krypton-81m continuous infusion. The purpose of the investigation, infusions were to evaluate the patients hemodynamic status with respect to cerebrovascular ischemia and brain tumor. For evaluation of circulatory changes, Krypton-81m was infused into the major cerebral arteries of 35 patients including the 10 presented cases, without any adverse reaction. The studies were carried out with due regard to the patients safety and well being and conformed to the Helsinki code of ethics respecting medical investigation on human subjects. The radioactivity of Krypton-81m was recorded by a rotating gamma camera and perfusion images were reconstructed by a computer. Continuous infusion of Krypton-81 m (T 1/ 2, 13 sec) permitted the assessment of regional cerebral blood flow distribution.
Methods

Subjects
The 10 patients (5 males and 5 females) entered into this study ranged in age of 23 to 63 years (mean age 44 years) (tables 1,2). Four of the patients had brain tumors, and 1 had cavernous angioma' (table 1). Of the 5 additional patients with cerebrovascular ischemia 4 had no history of V-B insufficiency; moreover angiographic findings showed no significant stenosis (more than 50% in diameter) at the origin of the infused vertebral artery.
The remaining patient (No. 4) had an It PCA occlusion but no stenosis at the origin of either vertebral artery. Among these 5 patients steno-occlusion of carotid system was angiographically observed in 2. The occlusive site and collateral pathways of two patients are listed in table 2. In 5 out of 10 patients, both of the vertebral arteries were infused with Krypton-8 lm (Group 1); in the remaining 5 cases, only one vertebral artery was infused (Group 2). Since Group 2 patients had no history of V-B insufficiency the non-infused artery was considered to supply blood to areas not supplied by the infused artery.
Infusion of Krypton-81m
The patient was placed supine on the angiographic table and the position of the head was adjusted so that the orbitomeatal line was perpendicular to the table. Care was taken to avoid positional changes that might influence the vertebral blood flow.
The catheter (Fr.5.0) was inserted into the right femoral artery and was guided to the ostium of the vertebral artery. Krypton-8 lm (half life, 13 sec) was continuously produced from a 10-mCi rubidium-81-krypton-81m generator (Mediphysics Co., Japan) in a solution phase by passing 5% glucose solution with a roller pump (Tokyo Scientific Instruments, Japan). The solution was infused continuously at a constant speed of 14 ml/min. During infusion, the radioactivity was recorded with a rotating gamma camera, and transaxial, coronal and sagittal sections were reconstructed by computer. Attenuation correction was made according to Sorenson's method with modification. Briefly, the system consisted of a rotating mechanical gantry, a gamma camera detector, and a parallel-hole collimater (Hitachi Medico, Japan). A total count of 0 . 9 -3 . 0 X 1 0 -7 was collected in 17 min, over 360 degrees in 64 steps. Each image consisted of 64 X 64 matrix elements (section thickness, 1.3 cm); the average resolution was 1.5 cm Full Width at Half Maximum. X-ray computed tomograms were obtained by EMI-CT/1010. The outlines of ventricles and cortical surfaces of the brain were also obtained from the same data by setting the window width to 1 at a level of about 24 to 28; the outlines were recorded on transparency specially designed to fit the size of Krypton-81m emission computed tomographic images and outline images of brain on transparencies were then superimposed for clinical evaluations. Serial filming of angiography was performed on separate examination day prior to the Krypton-81m emission CT.
Results
We examined the perfusion images obtained from several cerebral regions such as the occipital lobe, upper brain stem (thalamus, midbrain), lower brain stem (pons, medulla), and the cerebellum (upper, lower). The degree of perfusion was represented as: extensive ( + + ) ; moderate ( + ) , slight or non (-) as shown in table 2.
The perfusion images were also studied from three aspects of blood distribution: 1) overlapping of the distribution from each vertebral artery; 2) area supplied by a single vertebral artery; 3) the laterality of blood flow from a single vertebral artery.
Overlapping of Blood Flow
Krypton-81 m was infused into both vertebral arteries of five patients and the overlapping of blood supply was studied in each of the divisions of the brain. Since the basilar artery bifurcates into the right and left posterior cerebral arteries, and these arteries and their perforating arteries supply the occipital lobe and upper brain stem, it was expected that an overlapping of blood supply from each vertebral artery would occur in these regions. Though overlapping was observed in four out of five patients (No 1 , 3 , 4 , and 5) (tables 2, 3), the extent was variable (figs. 2, 3) .
No overlapping was observed in the remaining patient (No. 2); blood supply from the right vertebral artery was confined to the right lower cerebellum, and that from the left vertebral artery to the remaining region of the vertebrobasilar system.
Overlapping of blood supply in the upper cerebellum, was noted in three out of five patients, however it was not as extensive as that in the occipital lobe and upper brain stem. No overlapping was observed in the lower cerebellum or lower brain stem ( fig. 1) .
In these 5 patients the distribution of the both vertebral blood supply complemented each other. No noticeable distribution change was observed in patients 4 and 5, both of whom had steno-occlusion in the carotid system (tables 2, 3).
Distribution Area
Perfusion images of the patients were classified, according to the area of distribution. Group I, Kr-81m was infused into both vertebral arteries; Group II, Kr-81m was infused into the one vertebral artery; Lt, left; Rt, right; VA, vertebral artery. The degree of perfusion was represented as: extensive ( + + ) ; moderate ( + ), slight or non ( -). 
FIGURE 2. Perfusion images of No. 4. A: Perfusion image of the right vertebral artery (P-A view). Arrow indicates the perfusion of the right occipital lobe. B: Perfusion image of the left vertebral artery. Both arteries supplied the right occipital lobe, however, the left to a greater extent. The horizontal bar indicates the slice line of the transaxial view, that is shown in D. C: The transaxial view of the right vertebral perfusion. D: The transaxial view of the left vertebral perfusion. Only the lateral part of the left lower cerebellum was perfused by the left vertebral artery. E: The superimposed image. Fand G: The left and right vertebral angiography. No tortuosity or abnormal course of the vertebral junction or the basilar artery was noted.
Laterally of Distribution
Analysis of the perfusion images of the 10 patients who demonstrated either an equal or predominantly unilateral distribution of blood supply from one vertebral artery revealed four distinct subgroups with respect to laterality of the distribution patterns: 1) Ispilateral -blood supply was primarily distributed to the ipsilateral cerebellum, brain stem and occipital lobe ( fig. 3 ). 2) Contralateral -blood supply was chiefly distributed to the contralateral cerebellum, brain stem and occipital lobe (fig. 4). 3) Bilateral -blood supply was distributed to both sides of the cerebellum, brain stem and occipital lobe ( fig. 1 ). 4) Mosaic -blood supply was distributed to both sides of the cerebellum, brain stem and occipital lobe. However, the pattern of distribution was mosaic ( fig. 2) . Surprisingly, among the 4 patients in whom the two vertebral arteries supplied an equal volume of brain tissue, only 2 patients demonstrated a clear separation of supply with the right vertebral supplying the right side of the brain and the left vertebral supplying the left side of the brain. One of the remaining patients showed a contralateral pattern and the other a mosaic.
Under the assumption that volume of distribution is related to the vascular architecture of the vertebrobasilar system, the vertebral angiograms of patients exhibiting ipsilateral, contralateral and mosaic patterns were closely examined. None of the patients with contralateral patterns showed abnormalities in the angle or rotation of the vertebral junction in the conventional halfaxial and lateral view; both right and left anterior inferior cerebellar arteries (AICA) were larger than the posterior inferior cerebellar arteries (PICA) (fig. 4) . In the vertebral angiography of the patient with a mosaic pattern (No. 1), though the left posterior cerebral artery was occluded, no abnormal findings were noted in the junction or the branches of the vertebrobasilar system ( fig. 2) . In the patients with ipsilateral patterns the area of distribution was clearly divided ipsilaterally in spite of a large hemangioblastoma and the tortuous basilar artery ( fig. 3 ). In the six patients whose area of distribution was predominantly unilateral, vertebral angiography revealed no abnormalities; the vertebral blood supply from one artery bilaterally supplied al- most the entire vertebrobasilar system and that from the other artery was distributed to the ipsilateral lower cerebellum and lower brain stem.
Discussion
The infusion of Krypton-81m is an established technique for the measurement of the distribution of the cerebral blood flow.'- 6 Though it is an invasive technique, it appears to be the only method available for measuring distribution. Injection of technetium-99m albumin macroaggregate may be of value, but its drawback is that it may lead to capillary occlusion and, it may alter local blood flow; 7 also there is risk of vertebrobasilar insufficiency. Angiography requires the bolus injection of a contrast material and causes an elevation in local pressure thus changing the blood flow. 8 Also the heavy contrast medium causes a layering effect and alters the physiological observation of the blood flow. 9 Furthermore, angiography is not suitable for three-dimensional analysis. In this study, the perfusion images were obtained when the patients were supine and at rest, and our results may only be available in this position, since positioning of the body may alter the perfusion. In addition, it has been reported that rotation of the neck alters the blood flow of the vertebral artery. 10 We positioned the catheter at the ostium of the vertebral artery. Though there is a possibility of altering the blood flow, reproducibility was examined in two cases by changing the site of catheter and good results were obtained. As the perfusion images of both vertebral arteries in Group 1 complemented each other, alteration of the blood flow due to the catheterization was considered minimal. Thus, from these complementary images, we speculated that very little turbulance or mixing of vertebral blood flow at the vertebral junction occurs between the two arteries. The blood flow at the junction may be laminar and one vertebral artery supplies a given area. Along the basilar artery, this laminar flow appears to continue to the end of the basilar artery, where the flow is divided into two streams resulting in perfusion of the occipital lobe and the upper brain stem.
Perfusion distribution images among single vertebral arteries reveals the hemodynamic complexity of the vertebrobasilar system, since this system is characterized by many normal variations in its branches; the unique feature being that both vertebral arteries join to form the basilar artery. In this study, analysis of the perfusion was investigated from the two aspects of distribution and laterality. The extent of distribution area was considered to be dependent on the blood volume supplied by one vertebral artery; the laterality or pattern of the distribution was speculated to be dependent on the architecture of vertebrobasilar system such as the junctional angle, pattern of branching and the length and course of the basilar artery.
Concerning the extent of distribution, two basic patterns were noted. The asymmetry between both vertebral arteries is a common finding. Although the blood volume that is supplied via the vertebral artery depends not only on the caliber at the junction but also on the flow rate, angiographical dominancy appears to be related to the extent of perfusion. In all of our patients exhibiting a predominantly unilateral distribution, one vertebral artery supplied blood to most of the vertebrobasilar system; the other mainly supplied blood to the lower cerebellum and lower brain stem of either side.
As to laterality of perfusion distribution, though one vertebral artery is generally considered to supply the ipsilateral brain, the present study demonstrates distinct four patterns, namely ipsilateral, contralateral, bilateral and mosaic. These variations in laterality were more often noted in the patients with equal distribution compared to those predominantly unilateral. These variations in laterality appeared to be, in some part, due to the architectural variations of vertebrobasilar system, such as the angle of vertebral junction and branching of the basilar artery.
Although Turner reported that the mean junctional angle is 64°" differences were seen according to age and degree of arteriosclerosis. Thus the vertebral artery and basilar artery are not always in the same plane, and the axis of the current may rotate to the contralateral side at the junction. Also along the tortuous basilar artery, the axis of the current may be rotated to the ipsior contraJateral side. Also normal variations in branches of the vertebrobasilar system probably alter the perfusion distribution. When PICA is hypoplastic or absent, the ipsilateral AICA is usually larger and nourishes the area normally supplied by PICA. When AICA is large, the laterality of perfusion becomes complex since AICA originates from the basilar artery. Also the ipsilateral PICA, in some cases, gives branch to the contralatefal cerebellar hemisphere, and may complicate the laterality of perfusion.
l3 Although these structual variations observed in angiography may explain the contralateral perfusion of the lower cerebellum and lower brain stem, they are inadequate for clarifying the laterality of perfusion, s.ince they do not explain blood flow rate, blood volume and the vector of the blood flow.
Krypton-81m infusion may help to elucidate the complicated perfusion distribution of the vertebrobasilar system, and through further studies of various pathological cases, increase our understanding of the mechanism of vertebrobasilar insufficiency.
